INTRODUCTION
The discovery that many cells die during embryogenesis in a programmed manner was astounding when first noted and led to a large number of studies examining this phenomenon (reviewed in Glucksmann [1951] ; Jacobson et al. [1997] ; Vaux and Korsmeyer [1999] ). The morphological changes distinguishing developmentally programmed cell death from accidental forms of cell death were described, and the term apoptosis was coined (Kerr et al., 1972) . Many molecular determinants of apoptosis were first identified through genetic screens in C. elegans (reviewed in Ellis et al. [1991] ), and early reports hypothesized several important roles for developmental apoptosis, including (1) tissue sculpting, (2) deleting unneeded structures, (3) controlling cell numbers, (4) eliminating abnormal cells, and (5) producing differentiated cells without organelles . Specifically, apoptosis was proposed to be important for elimination of redundant cells in the inner cell masses of blastocysts (Pierce et al., 1989) , shaping of the epiblast (Poelmann, 1980) , pro-amniotic cavity formation (Coucouvanis and Martin, 1995) , vesicle (e.g., lens) or tube (e.g., neural tube, intestine) formation by invagination and detachment from epithelial sheets, fusion of epithelial sheets (e.g., midline body wall and palate fusion) (Glucksmann, 1951) , and digit separation by removing interdigital tissue (Jacobsen et al., 1996) . Apoptosis was also proposed as the basic mechanism underlying the shaping of epithelia (Monier et al., 2015) , removal of vestigial tissues (e.g., pro-nephros and parts of meso-and meta-nephros and notochord), and the Mü llerian duct in males and Wollfian duct in females (Glucksmann, 1951) .
Two distinct but ultimately converging apoptotic pathways that culminate in caspase activation have been identified, namely the death receptor (also called extrinsic) and the intrinsic (also called BCL-2 regulated, mitochondrial, or stress-induced) pathways of apoptosis (Czabotar et al., 2014; Green and Kroemer, 2004) . The former is triggered by the ligation of death receptors, which are members of the TNFR family with an intra-cellular death domain (e.g., FAS, TNFR1). The latter is induced by developmental cues, growth factor withdrawal, and diverse cytotoxic insults. Intrinsic apoptosis is regulated by the BCL-2 family of proteins, which exhibit pro-survival (e.g., BCL-2, BCL-X L , MCL-1) or pro-apoptotic functions (Czabotar et al., 2014) . The pro-apoptotic members are further divided into two sub-groups based on their number of BCL-2 homology (BH) domains: the multi-BH domain-containing proteins (BAX, BAK, BOK) and the BH3-only proteins (e.g., BIM, PUMA, BID, BAD). In response to cytotoxic stimuli, different BH3-only proteins are induced transcriptionally or post-transcriptionally. They then bind to the pro-survival BCL-2 proteins, thereby unleashing BAX/BAK, but some can also activate BAX/BAK directly (Czabotar et al., 2014; Green and Kroemer, 2004) .
The absence of BAK or BAX (Knudson et al., 1995) alone caused mild anomalies, but compound deletion of both proteins had profound consequences on murine development and cell survival (Lindsten et al., 2000) . Less than 10% of Bax À/À Bak À/À -deficient mice survived to weaning, and these animals displayed several abnormalities such as interdigital webbing, an imperforate vaginal canal in females, excess cells in the brain, and dramatic splenomegaly (Lindsten et al., 2000) , but the reason for their perinatal lethality is still unclear. These studies indicate that (1) BAX and BAK are functionally highly redundant, (2) that the intrinsic apoptotic pathway is critical for embryonic development, and surprisingly, (3) based on the attainment of a few DKO survivors, that the combined loss of BAX and BAK is insufficient to abrogate all developmental cell death processes. This implied that other pro-apoptotic members of the intrinsic apoptotic pathway, or perhaps separate cell death pathways, may play roles in embryonic development.
BOK is a ubiquitously expressed, highly conserved protein that shows extensive amino acid sequence homology to BAX and BAK (73% or 87%, respectively), but its physiological function remains unclear (Hsu and Hsueh, 1998; Soleymanlou et al., 2005; Yakovlev et al., 2004) . Not surprisingly, BOK has been hypothesized to exert a BAX/BAK-like pro-death function. This is supported by in vitro experiment using inducible expression or transient transfection systems in various cell lines (Ha et al., 2001; Hsu et al., 1997; Inohara et al., 1998; Rodriguez et al., 2006) . Recent studies have discussed a role for BOK in endoplasmic reticulum (ER) stress-induced cell death (Carpio et al., 2015; Echeverry et al., 2013) , while another investigation reported that BOK is regulated differently to BAX and BAK; i.e., it does not require activation by BH3-only proteins and does not appear to be kept in check by pro-survival BCL-2 family members (Llambi et al., 2016) .
However, Bok À/À mice are normal in appearance and produced at the expected Mendelian frequency (Ke et al., 2012) , and even Bok À/À Bax À/À and Bok À/À Bak À/À compound mutant mice are largely normal (Ke et al., 2013) . Based on these findings, we hypothesized that BOK may have overlapping functions with both BAX and BAK, including during embryonic development. We report here that Bok À/À Bax À/À Bak À/À triple-knockout (from hereon referred to as TKO) mice exhibit more severe developmental defects and die earlier than Bax
knockout (from hereon referred to as DKO) mice, demonstrating that BOK has overlapping roles with BAX and BAK during embryogenesis. We show that TKO mice lack developmental apoptosis and that other forms of cell death such as necroptosis, pyroptosis, or autophagy did not substitute for the lack of this process. We defined the areas of mammalian development that genuinely require apoptosis, including midline body wall and palate fusion, fusion of the lower parts of the bilateral Mü llerian ducts, as well as in the removal of interdigital webs. Surprisingly, many organs of TKO fetuses developed normally in the absence of apoptosis, and in exceptional cases, these animals even reached adulthood. In contrast to what current perceptions dictate, apoptosis was not essential in early mouse development (inner cell mass, epiblast, and pro-amniotic cavity formation) as well as vesicle (lens) and tube formation (intestine, other endoderm-derived organs, and most parts of the neural tube).
RESULTS
Bok, Bak, and Bax mRNA Are Expressed in Overlapping Regions of the Developing Embryo A prerequisite of functional redundancy is an overlapping expression pattern. We therefore examined the expression of Bok, Bax, and Bak mRNA by whole-mount in situ hybridization (WMISH) on wild-type (WT) embryos at E9.5 and E10.5 of development. At E9.5, Bak ( Figure 1B ) and Bax ( Figure 1C ) mRNA are present in forebrain structures, including the telencephalon, diencephalon, and optic vesicle and the pharyngeal arches and pouches, while Bok mRNA was detected mainly in the forebrain and neural tube along the length of the body ( Figures  1D and 1E ). At E10.5, a ubiquitous low-level staining for Bak, Bax, and Bok mRNA was observed throughout the embryo (Figures 1G-1I ). Bak ( Figure 1G ) and Bax ( Figure 1H ) mRNA levels were present at higher levels in the brain, limb buds, the maxillary and (B) , Bax (C) , and Bok (D and E) mandibular portions of the first pharyngeal arch, the epithelium of the pharyngeal pouches, and the heart. This largely concurring mRNA-expression pattern between all three multi-BH-domain pro-apoptotic proteins is consistent with the possibility that BOK exerts overlapping functions with BAX and BAK.
BOK, BAX, and BAK Share a Conserved Structural Fold
An additional indicator of functional redundancy is a similar protein structure. After attempts to crystallize human and mouse BOK failed, we instead crystallized and solved the structure of Gallus gallus BOK, which lacked the C-terminal membrane anchor helix and a predicted region of disorder at the N terminus (Figure 2 ; see Table S1 for crystallographic statistics). Gallus gallus BOK has 81% amino acid sequence identity to human BOK ( Figure S1 ). Gallus gallus BOK adopted the canonical BCL-2 helical bundle fold (Figure 2A ), which is characteristic of both BAX and BAK, as well as pro-survival BCL-2 family members (Czabotar et al., 2014) . The overall fold of BOK is similar to human BAK (PDB: 2IMT) (Moldoveanu et al., 2006) (Figure 2A ). There were two molecules of BOK present in the asymmetric unit of the crystal that differed around the junction of a helices 2 and 3 and in the a3 helix itself ( Figure 2B ). While chain B (sky blue) had a recognizable a3 helix ( Figures 2B and 2D ), chain A (light green) displayed a convoluted loop separating two helical turns ( Figures 2B, 2C , and electron density shown in Figure S1J ). Consequently, the canonical hydrophobic groove is occluded by residues Q92 and Q113 in chain B but adopts a more open conformation in chain A ( Figures S1E and S1F ). The rigidity of a3 in chain B also results in kinking at the C-terminal end of a2, deforming the region to a point where a hole through the protein is formed bounded by helices a2, a3. and a5, which is absent in chain A (Figures S1G and S1H, respectively). It should be noted that in both molecules of BOK, the conformation of a3 may be influenced by crystal contacts ( Figure S1I ). Nevertheless, in order to access these conformations, the protein is likely dynamic and flexible in this region, as supported by higher B-factors ( Figures 2C and 2D ).
To test whether Gallus gallus BOK recapitulates constitutive activity as reported for human BOK in vitro, we performed liposome dye release assays. Compared to a human BAK control, chicken BOK permeabilized mitochondrial outer membrane (MOM)-mimicking liposomes in the absence of an activating BH3 peptide (human BID-BH3) ( Figure 2E ). Moreover, the presence of the BH3 peptide did not enhance BOK-induced dye release, consistent with recently published data for human BOK (Ferná ndez-Marrero et al., 2017; Llambi et al., 2016) , although it facilitated BAKinduced dye release from liposomes ( Figure 2E ) as expected (Oh et al., 2010) . These results reveal that BOK exhibits features of a multi-BH domain pro-apoptotic BCL-2 protein, although uniquely, BOK appears to be auto-active. Figure 3A ). DKO and TKO pups were subsequently harvested at embryonic day 18.5 (E18.5) to determine whether they were present at the expected numbers just before birth. While the frequency of DKO fetuses did not differ significantly from the expected Mendelian ratio, TKO embryos were significantly underrepresented at this stage (16.8% versus the expected 25%). This (A) Crystal structure of cBOK DN18DC32 (chain B, sky blue, a helices 2-5 labeled) overlaid with the structure of BAK (2IMT) (plum) and viewed into the canonical BH3 peptide-binding groove formed by a helices 3, 4, and 5 (root mean square deviation [RMSD] = 3.68 Å for 153 pairs of Ca atoms, calculated using Superpose (Maiti et al., 2004) . (B) Overlay of chain A (light green) and chain B (sky blue) of cBOK DN18DC32 (RSMD = 2.03 Å for 149 pairs of Ca atoms). (C and D) Chains A and B, respectively, of the cBOK DN18DC32 structure colored by B-factor from low (blue) to high (red) (a2 and a3 labeled). The highest B-factors are observed around a3 and the a3-to-a4 loop, indicating greater flexibility in this region. (E) NTA(Ni) liposome permeabilization by cBOK DN18DC32-6xHIS, cBOK DC32-6xHIS, or BAK DN22DC25-6xHIS, with or without BID BH3 peptide stimulus. Data are represented as mean ± SEM of percentage dye release, n = 3 experiments. Data were analyzed by two-way ANOVA comparing every mean to every other mean, and multiplicity adjusted p values (Wright, 1992) were calculated with Tukey's test, 0.1234 (ns, not significant), 0.0332 (*), 0.0021 (**), 0.0002 (***), < 0.0001 (****). See also Figure S1 and Table S1. reveals that the additional loss of BOK on top of BAX and BAK deficiency causes more severe abnormalities, thereby leading to the loss of some embryos earlier in development.
Bax
À/À Bak À/À DKO and Bok
Embryos Display Multiple Midline Defects at E18.5
To identify the cause of perinatal death of TKO and DKO mice, mutant fetuses were examined at E18.5 of development. We observed several obvious abnormalities by external examination in a proportion of both TKO and DKO pups. They included clefting of the face/snout (TKO = 20%, DKO = 2%), omphalocele (TKO = 27%, DKO = 5%), and exencephaly (TKO = 9%, DKO = 3%). These phenotypes were more severe and occurred at higher frequency in the TKO fetuses ( Figures 3B, 3F , and 3H). Careful observation of litters in the early postnatal phase revealed that most animals harboring such defects died shortly after birth or were cannibalized by their mothers. Together, these findings suggest that BOK, BAX, and BAK are essential for dorsal and ventral midline fusion and that midline fusion defects are more pronounced when all three proteins are absent compared to the compound loss of only BAX and BAK. Macroscopic examination revealed further anomalies. The most common defects displayed by more than 80% of all TKO (n = 22) and DKO (n = 20) pups was curling of the fore and hind digits, usually accompanied by excess skin tissue adjacent to the first and last digits (Figures 4A, 4F, 4G, and 4I) . Notably, 45% of TKO and 30% of DKO fetuses displayed a complete cleft palate ( Figure 4H ). These animals would be unable to nurse and therefore die perinatally. A proportion of TKO (7/22) and DKO (10/20) embryos had aortic arch defects. Among these, 3/7 TKO and 9/10 DKO mutants displayed dorsal origin of the right subclavian artery (RSA), a mild aortic arch (AA) defect. However, more severe cases of AA defects, such as an aberrant origin of the RSA (TKO = 2/7) ( Figure 4K ), (B) , hindlimbs and tail (C) , ventral view of the palate (D) , and close-up of hindlimb digits (E) of a WT fetus. Some anomalies include curling of digits and tail (F and G) , cleft palate (H), and excess skin tissue ( [I] , white arrows).
(legend continued on next page)
and right-sided AA in combination with an aberrant origin of the right and/or left subclavian artery (TKO = 2/7, DKO = 1/10) were also observed ( Figures 4L and 4M ). The more severe of these conditions would likely cause death of pups shortly after birth due to a failure to oxygenate the blood. Finally, almost all DKO embryos and 36% of TKO embryos showed curling of the tail with a kink at the tip ( Figure 4G , black arrow).
Pups Exhibit Abnormal Tissue Growth in Multiple Locations
To identify anatomical defects that cannot be observed by external examination, TKO (n = 5) and DKO (n = 4) E18.5 fetuses were serially sectioned and subjected to histological analysis alongside WT controls (n = 4). This investigation confirmed a higher frequency of cleft palate in TKO compared to DKO fetuses (TKO = 4/5, DKO = 1/4) (TKO in Figure 5E ). All 5 TKO and 2/4 DKO pups also displayed a failure of the nasal septum to fuse in the midline ( Figure 5A versus 5E), which in the most severe case resulted in a gap between the halves of the nasal septum and basicranium, through which the brain prolapsed ventrally into the nasal and oral cavity (1/5 TKO; Fig- ure 5B versus 5F). Multiple abnormalities were observed in the trunk of both TKO and DKO mutants. In comparison to WT controls, the renal pelves of TKO and DKO fetuses were reduced in size, suggesting abnormal accumulation of renal tissue (compare Figures 5C and 5G ). Overall, kidney development appeared delayed or incomplete. An obstruction could cause inefficient urine collection and drainage if the animals survived long enough to experience these complications. All TKO and DKO fetuses examined also displayed a failure of ventral midline fusion of the two lateral aspects of the sternum, resulting in parallel sternebrae, one of which typically carried an unusual dorsal process that encroached on the heart ( Figure 5D versus 5H).
Skeletal preparations of E18.5 TKO (n = 7) and DKO (n = 8) pups revealed additional midline fusion defects in the head (e.g., premaxilla cleft, basisphenoid bone cleft, and exo-occipital bone cleft) (Figures 5I-5Q) and trunk (e.g., abnormal thoracic and lumbar vertebrae; Figures 5R-5U). A proportion of TKO and DKO embryos also displayed incomplete ossification in the phalanges, but a complete lack of phalanx ossification was only observed in TKO embryos (Figures 5V and 5W) . These findings suggest that the combined lack of BOK, BAX, and BAK leads to the abnormal retention of cells in a number of locations and prevents normal bone ossification and midline fusion, processes that have been postulated to involve apoptosis (Amling et al., 1997; Coles et al., 1993; Martínez-Alvarez et al., 2000; Weil et al., 1997) .
The Intrinsic Apoptotic Pathway Is Obliterated in Bok
Since BAX, BAK, and allegedly BOK function as pro-death proteins, we wanted to confirm whether intrinsic apoptosis is abolished in the absence of all three multi-BH domain proapoptotic proteins. We assessed cell death with chromosomal DNA fragmentation (a marker of late-stage apoptosis) by two methods: a quantitative FACS-based TUNEL assay as well as whole-mount (WM) TUNEL to visualize the location of TUNELpositive cells.
For FACS-TUNEL analysis, E10.5 WT (n = 17), DKO (n = 10), and TKO (n = 9) embryos were used, as this stage is the critical time for midface morphogenesis. Moreover, craniofacial defects could already be observed in E11.5 mutant embryos (see below) as a consequence of earlier events; i.e., at E10.5, the lateral and medial nasal processes encircle the nasal pits, and the medial nasal processes fuse in the midline shortly thereafter (Ray and Niswander, 2012) .
We found that $1.5% of cells in WT embryos stained TUNEL-positive. This was reduced by more than 50-fold to background levels in both TKO and DKO (n = 8 for each) embryos. Remarkably, a single allele of Bax (Bok
) was sufficient to restore apoptosis to near WT levels (Figures 6A and 6B), comparable to those seen in Bax Figure 6B ). These findings were confirmed and extended by western blot analysis, which revealed that cleaved caspase-9 (CC9), a classical indicator of intrinsic apoptotic pathway activation, and cleaved caspase-3 (CC3), the point of convergence of the intrinsic and extrinsic apoptotic pathway, could only be detected in WT embryos but not in age-matched TKO and DKO embryos ( Figure 6C ). Accordingly, fibroblasts derived from TKO and DKO embryos (MEFs) were resistant to classical activators of the intrinsic apoptotic pathway but responded normally to cytotoxic insults that can elicit necrosis ( Figure S2D ). To complement our western blot and FACS-TUNEL analysis, laser scanning confocal microscopy was employed for the imaging of WM TUNEL-stained E9.5 embryos to assess the pattern of developmental apoptosis ( Figures 6D-6G ). In WT embryos, cells undergoing apoptosis were prominent in the second pharyngeal arch, otic vesicle epithelium, and the surface epithelium of the head. Smaller clusters of TUNEL-positive cells were observed in the heart, the upper trunk, and in the track of the neural crest en route to the first pharyngeal arch. Scattered TUNEL+ cells were seen in other locations ( Figure 6D ). Consistent with our FACS-based analysis, only negligible numbers of TUNEL+ cells were found in DKO ( Figure 6E ) and TKO ( Figure 6F ) embryos, and a single allele of Bax once again restored apoptosis to near WT levels ( Figure 6G ).
As we unexpectedly obtained five adult TKO mice ( Figure 3A ), we were intrigued to find out whether other cell death processes might compensate for the absence of intrinsic apoptosis. We (J-M) The aortic arch (AA) and great vessels in a WT fetus (J) . AA defects observed in mutant fetuses include aberrant origin of RSA ([K], arrow), right-sided descending aorta ([L and M] , arrowheads) with aberrant origin of LSA (arrow in [L] , obscured by trachea in [M] ) and/or RSA (arrow). Corresponding drawings of images with explanations are shown below. Ao, aorta; DA, ductus arteriosus; DeA, descending aorta, *DeA, aorta abnormally descending to the right; D5; digit 5; FL, forelimb; HL, hindlimb; LCCA, left common carotid artery; LSA, left subclavian artery; PP, primary palate; P2, secondary palate; PT, pulmonary trunk; RCCA, right common carotid artery; RSA, right subclavian artery; T, tail; #, 4th pharyngeal arch artery-derived aspect of aortic arch. (Vandenabeele et al., 2017) , and cleaved caspase-1 (CC1) for pyroptosis (Broz and Dixit, 2016) . However, there was no evidence suggesting activation of these pathways in WT, DKO, or TKO embryos ( Figure S3A and 3B). Autophagy is a highly regulated process involved in cellular self-preservation and survival, but it has also been implicated in developmentally programmed removal of cells in certain organisms (Tracy and Baehrecke, 2013) . Western blot analysis for the classical markers of autophagy, p62 and LC3 lipidation, revealed that while basal autophagy is ongoing in WT embryos, it was not upregulated in DKO or TKO embryos ( Figure S3C ). We also examined whether a lack of apoptosis in TKO and DKO embryos would alter cell proliferation that might impact morphogenesis. Whole WT (n = 16), DKO (n = 8), and TKO (n = 7) E10.5 embryos were dissociated and stained for Ki67 (a cell proliferation marker) and DNA content (DAPI) for cell cycle analysis ( Figure S3D and 3E). FACS results revealed no differences in the proliferation rate between cells from WT, DKO, or TKO embryos.
Demonstrate Developmental Defects at E11.5
The under-representation of TKO fetuses at E18.5 (see Figure 3A ) suggested additional abnormalities that led to embryo loss earlier in development. We therefore harvested TKO embryos (n = 12) at E11.5 where they were still present at the expected frequency, alongside age-matched DKO (n = 12) and WT (n = 8) embryos for microscopic analysis. All DKO embryos were alive as established by observation of a heartbeat, although 2/12 were developmentally delayed and 3/12 displayed delayed fusion of the medial nasal processes ( Figure 6I ). Interestingly, TKO embryos displayed abnormalities that were not seen in this group of the DKO embryos, including exencephaly (1/12; Figure 6J ), holoprosencephaly (1/12; Figure 6K) , and cleft face (1/12; Figure 6L ). Additionally, 2/12 TKO embryos exhibited severely delayed and highly abnormal forebrain development ( Figures 6M and 6N) , and one was already dead ( Figure 6N ). Some of these abnormalities (e.g., cleft face, developmental delay, exencephaly) are consistent with the defects we observed later in development, whereas the dead E11.5 TKO embryo as well as the other severely abnormal embryo are likely to account for the underrepresentation of TKO pups at E18.5.
Many Organs Thought to Require Developmental Apoptosis Display Surprisingly Normal Morphology in
To assess the extent to which apoptosis was needed during development, we examined the tissues, organs, and structures reported to undergo developmental cell death and determined whether they were abnormal in E18.5 TKO fetuses and TKO adult mice. We found that many developmental processes previously thought to require apoptosis proceeded normally in its absence, not just in the rare TKO adult mice (Figure 7 ) but also in the bulk of TKO fetuses that died perinatally ( Figure S4 , S5, S6; Table S2 ). TKO adults had no apparent palate defects or other midline fusion anomalies but displayed webbed paws, and the females had an imperforate vagina, phenotypes that were similarly observed in surviving DKO mice. The peripheral blood of both DKO and TKO mutants had increased white blood cells (WBC) and a decrease in red blood cells (RBC) compared to WT controls. Of note, TKO mice exhibited significantly greater splenomegaly than their DKO counterparts ( Figure S7 Of note, early embryonic development (apoptosis reported in the inner cell mass, the epiblast, and during pro-amniotic cavity formation) and vesicle (lens, optic, and otic vesicle) and tube formation (intestine, other endoderm-derived organs, and most parts of the neural tube) proceeded normally. Conversely, apoptosis was important in brain and retina cell homeostasis, blood cell homeostasis, removal of interdigital tissue, and fusion of the midline body wall, palate, and lower parts of the bilateral Mü llerian ducts at the level of the corpus uteri. Arrowhead in (K) and (M), presphenoid bone (only visible through cleft palate); As, alisphenoid; Bo, basioccipital bone; BP, bony palate; Bs, basisphenoid; D1 and D5, digit 1 and 5; He, heart; L3; 3 rd lumbar vertebra; M, maxillary shelf; MC, mouth cavity; Mx, maxilla; Me, metacarpal bones; NC, nasal cavity; NS, nasal septum;
½NS, lateral one half of unfused or incompletely fused nasal septum; P, palatine shelf; PB, prolapsing brain tissue; Pm, premaxilla; pPh, proximal phalanx; R, radius; RC, renal cortex; RP, renal pelvis; R10, 10 th rib; T10, 10 th thoracic vertebra; ½S lateral one half of sternebra in the process of fusion; To, tongue; TR, tympanic ring; U, ulna; Z, zygomatic process. , n = 9) and analyzed by one-way ANOVA and Bonferroni correction.
(legend continued on next page)
DISCUSSION
It has been well established that programmed cell death is essential for embryonic morphogenesis, specifically for shaping the developing embryo during invagination, evagination and fusion, lumen formation, and for arriving at the correct cell number in many organs (Abud, 2004; Glucksmann, 1951) . BAX and BAK are well-known key players in apoptosis and have been shown to exhibit largely overlapping roles. Although earlier studies showed that DKO animals died shortly after birth due to maternal neglect and their failure to nurse (Lindsten et al., 2000) , the underlying cause of their death was never reported. Our work reveals for the first time the developmental anomalies found in DKO mice and suggests that their death stems from a difficulty to suckle due to the presence of facial or palate clefts. We also observed additional midline fusion defects, such as exencephaly, spina bifida, and omphalocele, which would lead to pups being consumed by their mother shortly after birth. In contrast to observations by Lindsten et al. that none of their DKO mutants showed exencephaly, 3% of our DKO animals displayed this phenotype. This may be attributed to a difference in genetic background and/or the larger number of animals we examined.
The ability to obtain a small number of adult DKO offspring suggested that other pro-apoptotic proteins may function in the tissues that formed normally during development. BOK was hypothesized to be a potential candidate, but its role remains a highly debated topic. For instance, recent studies suggested that BOK causes apoptosis in response to ER stress, which is dependent on BAX and BAK (Carpio et al., 2015; Echeverry et al., 2013) . Another study reported that BOK is a constitutively active pro-apoptotic protein that does not need to be unleashed by BH3-only proteins, can trigger MOM permeabilization (MOMP) independently of BAX and BAK, cannot be inhibited by pro-survival BCL-2 proteins, and is regulated by the endoplasmic reticulum associated degradation (ERAD) pathway (Llambi et al., 2016) .
Our findings in TKO mice suggest that BOK has overlapping functions with BAX and BAK during embryonic development. First, TKO animals died earlier and exhibited more frequent and severe abnormalities compared to DKO mice. Second, Bok mRNA showed overlapping expression with Bax and Bak mRNA, and the structure of BOK closely resembled those of BAX and BAK. In this regard, a large hydrophobic residue within the BH3 region of BOK (L74) is a feature typical of BAK and BAX that is not found in pro-survival BCL-2-like proteins (Lee et al., 2014) . However, the BOK structure also revealed some differences to BAK and BAX. Exposure of the BAK/BAX BH3 domain in the a2 helix is essential for oligomerization and cytochrome c release (Dewson et al., 2008; Dewson et al., 2012) . The hole through one copy of BOK adjacent to a2 is reminiscent of the internal cavities seen in crystal structures of BAK and BAX bound to activator BH3 peptides (Brouwer et al., 2017; Czabotar et al., 2013; Robin et al., 2015) , drawing parallels to the BH3-only protein activated forms of these proteins but, in the case of BOK, without an activating agent. We therefore speculate that the dynamic nature of this area in BOK may be responsible for its unrestrained membrane-permeabilizing activity identified in liposome release assays (Ferná ndez-Marrero et al., 2017; Llambi et al., 2016) . Moreover, our studies support the notion that BOK does not need to be unleashed by BH3-only proteins to cause MOMP, although a recent report suggested that cBID, but not a BID BH3 peptide as used here, can enhance BOK activity (Ferná ndez-Marrero et al., 2017).
Since the consequences of BOK deletion are only apparent when both BAX and BAK are also absent, BOK is possibly the least potent or least expressed pro-apoptotic protein of the trio, BAX, BAK, and BOK, during embryogenesis. In this scenario, the bulk of apoptosis is performed by BAX and BAK, while the role of BOK is only revealed when BAX and BAK are lacking. This may explain why no statistically significant differences were detected in the percentages of TUNEL+ cells between DKO versus TKO embryos. Alternatively, developmental cell death reliant on BOK may occur prior to or after E9.5 to E10.5, when our assays were conducted.
We cannot exclude the possibility that BOK is involved in other yet-unknown processes unrelated to cell death and/or that it is regulated differently to BAX and BAK. Previous reports suggested that BOK acts upstream of BAX/BAK, perhaps somewhat like a BH3-only protein (Carpio et al., 2015) . If this were the case, then DKO and TKO mutants would be expected to exhibit defects with comparable severity and frequencies. Since TKO animals are more severely and frequently affected, it is possible that more than one pathway is inactivated or dampened (intrinsic apoptosis, as well as another BOK-driven pathway independent of BAX/BAK).
The ability to obtain TKO mice that survived to adulthood was highly unexpected. The rarity of these events emphasizes that intrinsic apoptosis is fundamental for embryonic development, failure of which results in the manifestation of phenotypic abnormalities that cause premature death in most cases. However, the observation that surviving TKO mice have grossly normal looking tissues, which were thought to rely on apoptosis (C) Western blot of lysates from WT (n = 4-6), DKO (n = 4-6), and TKO (n = 4-6) embryos incubated with antibodies against cleaved (i.e., activated) caspase-9 (CC9) and caspase-3 (CC3). WT thymocytes (Thy) were cultured without (À), or with (+) 1 mM etoposide for 15 hr to induce activation of the intrinsic apoptotic pathway. Asterisk (*) denotes a non-specific band just above the smaller form of cleaved caspase-9. for morphogenesis (beginning with the inner cell mass [Pierce et al., 1989] , epiblast [Poelmann, 1980] , pro-amniotic cavity formation [Coucouvanis and Martin, 1995] , pruning of neural crest from odd-numbered rhombomeres [Graham et al., 1993] , intestine [Glucksmann, 1951] , lens vesicle development [Morgenbesser et al., 1994; Pan and Griep, 1995] , inner ear morphogenesis [Fekete et al., 1997] , metanephros development [Koseki et al., 1992] , shaping of the limbs [Macias et al., 1997] , neural tube closure , and palate fusion [Fitchett and Hay, 1989] ) suggests that intrinsic apoptosis may play a more restricted role in development than current perceptions dictate. For instance, if apoptosis was essential to form the pro-amniotic cavity, TKO embryos would undergo developmental arrest at E5.0, yet most TKO and all DKO mice developed to term. Remarkably, the surviving TKO adults showed that any morphogenesis thought to be cell death dependent had successfully proceeded to a level that permitted survival, albeit with phenotypic defects. Although alternative cell death pathways could theoretically be responsible for this morphogenesis, we found no compensatory changes in necroptosis, death receptor-induced apoptosis, or pyroptosis. In support of our findings, mice with a combined deficiency in death receptorinduced apoptosis and necroptosis (e.g., caspase8
) are developmentally normal and fertile (Alvarez-Diaz et al., 2016; Kaiser et al., 2011; Oberst et al., 2011) , suggesting that these two pathways ordinarily do not play a role in embryonic development. Pyroptosis has yet to be implicated in embryogenesis, and while autophagy occurs normally during development alongside apoptosis (Fimia et al., 2007; Qu et al., 2007) and the two mechanisms are interconnected in C. elegans (Takacs-Vellai et al., 2005), we did not detect increased levels of autophagy markers in DKO and TKO embryos.
We cannot exclude that cellular senescence (Muñ oz-Espín et al., 2013; Storer et al., 2013) or cell extrusion from epithelia (Denning et al., 2012; Eisenhoffer et al., 2012; Glucksmann, 1951) may partially compensate for the lack of intrinsic apoptosis. Note, however, that the ultimate fate of senescing cells during development is still apoptosis (Storer et al., 2013) , and it is unclear whether mammalian cells are extruded from epithelia before or after they have undergone cell death (Abud and Heath, 2004; Glucksmann, 1951) . Hence, why a very small number of TKO mice can survive to adulthood remains a very interesting question. The decisive events allowing these animals to survive are likely to occur during embryogenesis. But since 
TKO Mice Appear Grossly Normal despite the Absence of Intrinsic Apoptosis
Representative H&E stained sections of organs, as indicated, in WT, DKO, and TKO mice (n = 3-6 animals per genotype). Scale bar sizes are indicated. In the retina, asterisks (*) indicate cell accumulation in the ganglion cell layer and the inner and outer nuclear layer of the TKO retina, which also occurs in DKO animals. Brains from WT, DKO, and TKO mice were serially sectioned and stained with cresyl violet, and representative images of the parietal cortex and hippocampus are shown. Arrows indicate expansion of the pyramidal cell layer in the CA2 region and the granule cell layer in the dentate gyrus (DG). DKO and TKO mutant animals also display webbing of digits (labeled I, II, III, IV, V) compared to WT controls. BD, bile duct; CA1,2,3, regions of the hippocampus; Co, cerebral cortex; CV, central vein; DG, dentate gyrus; EP, exocrine pancreas; GC, ganglion cell layer; HC, hyaloid cavity; IL, islet of Langerhans; IN, inner nuclear layer; IP, inner plexiform layer; Le, lens; LV, left ventricle; MR, medullary ray; NR, neural retina; ON, outer nuclear layer; OP, outer plexiform layer; PR, pigmented retina; PV, portal vein branch; RC, renal cortex; RCo, renal corpuscle; Rio, inner and outer rod segments; RM, renal medulla; RP, renal pelvis; RV, right ventricle; Se, interventricular septum. See also Figures S4-S7 and Table S2. prospective survivors into adulthood cannot be identified at this time and occur at low frequency ($1%), the mechanisms allowing survival would be near impossible to investigate and therefore remain elusive at this point.
To conclude, our findings affirm that intrinsic apoptosis plays a crucial but perhaps supporting role in embryonic development. Processes, such as ferroptosis or possibly currently unknown ways to remove unwanted cells, may be important in morphogenesis, possibly alongside autophagy and the intrinsic apoptotic pathway. Alternatively, the persistence of cells that ordinarily undergo apoptosis may be less detrimental than previously thought, perhaps counter-balanced by slight adjustments to cell proliferation (at a level not detected here). The generation of further complex knockout mouse models with defects in apoptosis and additional cell death and/or cellular processes (e.g., extrusion, senescence, engulfment, or cell migration) are expected to provide clues. Finally, our findings may suggest that the evolution of the various programmed cell death pathways was driven primarily to respond to invading pathogens rather than to enable embryonic development (Strasser and Vaux, 2017) .
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KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice Bok À/À mice were generated on a C57BL/6 background using C57BL/6-derived ES cells and have been described previously (Ke et al., 2012) . Mice deficient for BAX (Knudson et al., 1995) or BAK (Lindsten et al., 2000) had originally been generated on a mixed C57BL/6x129SV background, but have been backcrossed with C57BL/6 mice for more than 20 generations prior to commencement of our studies. Bok
Bak À/À animals and Bax +/À Bak À/À animals were generated by crossing appropriate strains of mice bred in our laboratory. For timed matings, noon of the day on which the vaginal plug was first observed was defined as embryonic day 0.5 (E0.5). Mouse embryos and fetuses were recovered at E.9.5, E10.5, E11.5 and E18.5. Mice are weaned between 19-23 days after birth, and are deemed adults when they reach 10 weeks of age. Male and female animals were used indiscriminate of sex. All experiments with mice were performed with the approval of the Walter and Eliza Hall Institute Animal Ethics Committee and according to the Australian code of practice for the care and use of animals for scientific purposes.
METHOD DETAILS
Mouse embryos and fetuses were recovered, examined and scored before genotyping (i.e., blinded to genotype). Apart from histological sections, western blots and experiments on adult mice, all experiments were conducted blinded to genotype. No animals and no data were excluded. TKO and DKO mice were collected for analysis when animal technicians, who were blinded to the nature of the experiments, observed signs of illness according to the Australian code of practice for the care and use of animals for scientific purposes.
Whole-Mount in situ Hybridization
Whole-mount in situ hybridization (WMISH) analysis was performed as previously described . In brief, paraformaldehyde-fixed embryos were dehydrated and rehydrated through methanol series. With intervening PBS/Tween 20 wash steps, embryos were treated with hydrogen peroxide, proteinase K and glycine, and post-fixed in glutaraldehyde/paraformaldehyde. They were then pre-hybridized and hybridized with in vitro transcribed, digoxigenin-labeled cRNA in 50% formamide/5x SSC pH4.5/1% SDS/50 mg/mL yeast RNA/50 mg/mL heparin overnight. Embryos were subsequently washed extensively, treated with RNaseA, blocking reagent (Roche) and fetal bovine serum, incubated with alkaline phosphatase labeled anti-digoxigenin antibody (Roche) overnight, washed extensively, and subjected to alkaline phosphatase reaction with NBT-BCIP (Roche) for color development. Finally, embryos were washed and cleared in glycerol.
Recombinant Proteins
Gallus gallus BOK lacking its trans-membrane anchor and N terminus (cBOK DN18DC32) was cloned into pGEX-6P-3 and expressed in E. coli ER2566 cells. Cells were lysed in TBS (20 mM Tris [pH 8.0], 150 mM NaCl) + 2 mM EDTA and protein was purified by GST affinity. The BOK protein was cleaved on column with PreScission Protease for 3 days at 4 C then eluted with TBS + 2 mM EDTA and purified by gel filtration chromatography (Sup75 10/300). The protein was buffer exchanged into 20 mM HEPES [pH 7.0], 30 mM NaCl then loaded onto a cation exchange column (Mono S 5/50 GL) and eluted with a salt gradient up to 1 M NaCl ( Figure S1C ). Peak fractions were analyzed by SDS-PAGE and pooled for crystal trials ( Figure S1D ). For liposome assays, cBOK DN18DC32 and cBOK DC32 with hexahistadine tags replacing the trans-membrane anchor, were cloned into pGEX-6P-3, expressed in E. coli BL21(DE3) cells and purified as described above excluding the cation exchange step. Human BAK DN22DC25 C166S with a hexahistadine tag replacing the trans-membrane anchor was expressed and purified in the same way as human BAK DC25-6xHis as described in (Brouwer et al., 2017) . Briefly, the construct was cloned in the pTYB1 vector and transformed into BL21 (DE3) E. coli cells. Cells were induced at OD 600 $1.0 with 1 mM IPTG for 3 hours at 37 C. Cells were lysed in TSE buffer (20 mM Tris [pH 8.0], 500 mM NaCl, 1 mM EDTA) and lysate was passed over a chitin binding column. The column was washed with TSE buffer and protein was chemically cleaved with TSE + 50 mM DTT for 48 hours at 4 C on-column. BAK was further purified by gel filtration on a Sup75 10/300 in TBS.
Crystallization, Data Collection, and Processing Chicken BOK DN18DC32 crystallized at 7 mg/mL in 22.5% polyethylene glycol 3350, 0.09 M trisodium citrate [pH 3.5], 3% ethylene glycol. Crystals were frozen in well solution supplemented with 20% ethylene glycol and X-ray data were collected at the Australian Synchrotron (MX2). Data were processed with XDS (Kabsch, 2010) and solved by molecular replacement in Phaser (McCoy et al., 2007) searching for one globule from the human BAX domain swapped dimer (4BD8) (Czabotar et al., 2013) . The structure was refined with iterative rounds of building in Coot (Emsley and Cowtan, 2004) and refinement with PHENIX (Adams et al., 2010) . Cystallographic statistics for this structure at an effective resolution of 1.9 Å are provided in Table S1 (data cut at 1.8 Å based on CC1/2 (Karplus and Diederichs, 2012) ). PDB: 5WDD.
Liposome Dye Release Assay
Liposomes were prepared as previously described (Oh et al., 2010) . Briefly, 5% v/v DGS-NTA(Ni) dissolved in chloroform was added to a lipid mixture mimicking the mitochondrial outer membrane (46% phosphatidylcholine (PC), 25% phosphatidylethanolamine (PE), 11% phosphatidylinositol (PI), 10% phosphatidylserine (PS), 8% cardiolipin (CL)) (Kuwana et al., 2002) . Lipids were dried under N 2 , resuspended in 1 mL 50 mM carboxyfluoroscein (CF) then passed back and forth through a 0.1 mm membrane in an extruder until the pressure was even at both ends. The excess CF was removed on a PD-10 desalting column and liposomes were eluted in small unilamellar vesicle (SUV) buffer (10 mM HEPES [pH 7.5], 135 mM KCl, 1 mM MgCl 2 ) for immediate use. Liposomes were incubated with 50 nm recombinant chicken BOK or human BAK with or without 2 mM human BID-BH3 peptide in SUV buffer for 2 h at RT. Dye fluorescence was measured after incubation (excitation 485 nm, emission 535 nm). Three technical replicates were averaged for each sample and the experiment was performed 3 times, data is presented as the mean and SEM of these 3 independent repeats. Baseline release from liposomes in SUV or SUV + BID-BH3 peptide was subtracted from samples for wells without and with BID-BH3, respectively. Data are expressed as a percentage of total dye release from liposomes treated with 1% CHAPS.
Histology
Whole E18.5 fetuses were sacrificed by cooling and then placed into Bouin's fixative and subsequently embedded in paraffin. 2 mm serial coronal sections (head) and transverse sections (body) were obtained and stained with hematoxylin/eosin (H&E), examined with a light microscope (Axioplan 2, Zeiss), and photographed with a digital camera (AxioCam HRc Zeiss).
To examine tissues from adult mice, biopsies of the heart, lung, salivary glands, pancreas, kidney, liver, stomach, small intestine, colon and lacrimal glands were harvested into Bouin's fixative and embedded in paraffin. Histological sections (2 mm) were subsequently stained with H&E, then examined and imaged using the CaseViewer Software (3DHISTECH).
Skeletal Preparations
E18.5 fetuses were processed for skeletal preparations as previously described (Voss et al., 2009 ). In brief, E19.5 mouse pups were sacrificed by cooling. Skin and internal organs were removed, and the remainder was fixed for 4 days in ethanol, then 4 days in acetone, prior to staining for 10 days in 0.005% (w/v) alizarin red/0.015% (w/v) alcian blue 8GX/5% (v/v) acetic acid in ethanol. Skeletal preparations were macerated for 16 days in 1% (w/v) potassium hydroxide/20% (v/v) glycerol in H 2 O. Skeletons were cleared in increasing concentration of glycerol (40, 60, 80%).
Death Assays with Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were prepared from E14 embryos and immortalized with SV40 Large T antigen by electroporation. Briefly, the fetal liver and head were removed, and the remaining tissue was dissociated in DME supplemented with 10% fetal calf serum, 50 mM 2-mercaptoethanol, and 100 mM asparagine to form a single cell suspension that was seeded onto 0.1% gelatincoated flasks. Cells were subsequently trypsinized after reaching $80% confluency prior to transformation using the Nucleofector Kit for Mouse Embryonic Fibroblasts (Lonza/Amaxa). For electroporation, 2x10 6 cells were prepared in 100 mL Nucleofector solution 1, to which 10 mg of linearized SV40 Large T plasmid were added. Cells were then serially passaged, with complete immortalization observed at passage 8-10. Cell death assays were performed in 96-well plates containing 5x10 4 cells per well and treated with the indicated agents at 37 C. At 24 h post treatment, MEFs were stained with annexin V and propidium iodide (PI) for flow cytometry analysis. Viable cells were identified as those negative for both annexin V and PI.
TUNEL Staining and Flow Cytometry
Embryos were harvested at E10.5, and digested in 0.5 mL of trypsin in PBS at 37 C for 5-7 min with gentle agitation. The reaction was halted by addition of 1 mL DMEM containing 10% FCS, and single cell suspensions were generated by gentle pipetting. Cells were washed once with PBS, centrifuged at 200 x g, resuspended in 100 mL of ice-cold PBS, and fixed with 2% paraformaldehyde (PFA) for 1 h at room temperature (RT). Cells were subsequently washed with PBS containing 2% FCS, and permeabilized with 0.1% Triton-X in 0.1% sodium citrate for 2 min on ice. Following another round of washing, TUNEL staining was performed using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instructions. Cells were counter-stained with DAPI prior to FACS analysis using the LSR IIW machine (Becton Dickinson).
Whole E9.5 embryos were fixed and permeabilized as described (Barbera et al., 2002) , stained with the above mentioned TUNEL kit, incubated with DAPI for 3 h at RT, and cleared overnight in a 5%-80% glycerol gradient prior to imaging.
For cell cycle analysis, E10.5 embryos were harvested and digested as described above to yield a single cell suspension, then fixed and permeabilized using fixation/permeabilization reagents (eBioscience). Intracellular staining was performed using FITC-conjugated anti-Ki67 antibodies or Ig isotype matched control antibodies (BD PharMingen), and additionally stained with DAPI prior to FACS analysis using the LSR IIC analyzser (Becton Dickinson). All FACS data were analyzed using the FlowJo version 10 (Becton, Dickinson & Company).
Microscopy
Images of TUNEL stained E9.5 embryos were obtained using a 10x objective with the LSM 780 laser scanning confocal microscope (Zeiss). Detailed physical examination and analysis of E11.5 embryos, E18.5 fetuses and skeletal preparations of E18.5 fetuses were carried out using a dissection microscope (Zeiss), and photographed using a digital camera (AxioCam HRc Zeiss).
Western Blot Analysis
Whole cell extracts were isolated from E10.5 embryos using RIPA buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM EDTA) complemented with protease inhibitors (COMPLETE protease inhibitor cocktail tablets, Roche). After determining the protein concentration of each sample using the Protein Assay Dye Reagent Concentrate (Biorad), 30 mg of lysate was resolved on 10% or 12% NuPage Bis-Tris polyacrylamide gels (Invitrogen) and transferred onto PVDF/nitrocellulose membranes (Amersham). Blots were then incubated with blocking buffer for 1 h at room temperature, followed by antibodies against cleaved (i.e., activated) caspases À3, À8, and À9 (all from Cell Signaling Technology), p-MLKL (Abcam), cleaved (i.e., activated) caspase-1 (Santa Cruz Biotechnology), p62 (Cell Signaling Technology), or LC3 (MBL) for 12 h at 4 C. Binding of HRP-conjugated secondary antibodies was subsequently visualized on the ChemiDoc Touch Imaging System (Biorad) using the Luminata Forte enhanced chemiluminescence reagent (Millipore).
Hematological Examination and FACS Stains
Peripheral blood was isolated from adult mice by cardiac puncture following euthanasia for hematological analysis using the ADVIA automated hematology system (Bayer). Spleen weights were recorded, and single cell suspensions of the thymus and bone marrow were prepared. The cellular composition of these hematopoietic organs was determined by staining cells with fluorochrome (R-PE or APC)-conjugated monoclonal antibodies against CD4 (YTA321 or H129) and CD8 (YTS169) prior to flow cytometry using the LSRIIW machine (Becton Dickinson).
QUANTIFICATION AND STATISTICAL ANALYSIS
The frequency of DKO and TKO animals obtained at various developmental stages were analyzed by Chi-square test using Prism software (GraphPad Software). For TUNEL FACS analysis, comparison of the percentage of cell death between different genotypes were analyzed using one-way ANOVA with genotype as the independent factor followed by Bonferroni correction for multiple testing (Stata 12.1 software, StataCorp, Texas). Adult blood analysis and spleen weight data were compared by two-tailed T-test using Prism software (GraphPad Software). For each experimental approach, the number of replicates (n) is defined as number of animals or repeat experiments and stated in the figures, figure legends, and in Table S3 . Data are presented as mean ± SEM as indicated in the figure legends.
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